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Abstract
The last 30 years materials engineers have been under continual pressure to develop materials with
a greater temperature potential or to produce configurations that can be effectively cooled or otherwise
protected at elevated temperature conditions. Turbines and thrust chambers produce some of the harshest
service conditions for materials which lead to the challenges engineers face in order to increase the
efficiencies of current technologies due to the energy crisis that the world is facing. The key tasks for the
future of gas turbines are to increase overall efficiencies to meet energy demands of a growing world
population and reduce the harmful emissions to protect the environment. Airfoils or blades tend to be the
limiting factor when it comes to the performance of the turbine because of their complex design making
them difficult to cool as well as limitations of their thermal properties. Key tasks for space transportation it
to lower costs while increasing operational efficiency and reliability of our space launchers. The important
factor to take into consideration is the rocket nozzle design. The design of the rocket nozzle or thrust
chamber has to take into account many constraints including external loads, heat transfer, transients, and
the fluid dynamics of expanded hot gases. Turbine engines can have increased efficiencies if the inlet
temperature for combustion is higher, increased compressor capacity and lighter weight materials. In order
to push for higher temperatures, engineers need to come up with a way to compensate for increased
temperatures because material systems that are being used are either at or near their useful properties limit.
Before thermal barrier coatings were applied to hot-section components, material alloy systems
were able to withstand the service conditions necessary. But, with the increased demand for performance,
higher temperatures and pressures have become too much for those alloy systems. Controlled chemistry of
hot-section components has become critical, but at the same time the service conditions have put our best
alloy systems to their limits. As a result, implementation of cooling holes and thermal barrier coatings are
new advances in hot-section technologies now looked at for modifications to reach higher temperature
vi

applications. Current thermal barrier coatings used in today’s turbine applications is known as 8%yttriastabilized zirconia (YSZ) and there are no coatings for current thrust chambers. Current research is looking
at the applicability of 8%yttria-stabilized hafnia (YSH) for turbine applications and the implementation of
8%YSZ onto thrust chambers. This study intends to determine if the use of thermal barrier coatings are
applicable for high heat flux thrust chambers using industrial YSZ will be advantageous for improvements in
efficiency, thrust and longer service life by allowing the thrust chambers to be used more than once.
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Chapter 1: Introduction
1.1

Turbines

1.1.1

History
Turbines are defined as rotary engines that can extract energy from a fluid flow and convert that

energy into mechanical work and the types of fluids that can be used consist of water, gas or steam.
Turbines have been around for over a century in the form of steam, but have only been around since the
late 1930’s as gas turbines. The gas powered turbines, otherwise known as jet-engines, were not developed
and successfully tested until the beginning of the 1940’s for as they were used to power aircraft during
World War II. The applications of turbines are used in power plants (nuclear, coal, and natural gas) across
the globe to generate the world’s electricity. They are used in our modern aircraft for thrust and
propulsion as well as ships and nuclear submarines. Some turbines are small enough for additional power in
automobiles known as turbochargers.

1.1.2

Description and Materials
A complete engine consists of a compressor, combustion and turbine section and even though they

are connected they experience different service conditions. Compressors can have either the centrifugal,
axial or centrifugal-axial flow design. Centrifugally designed compressors have either one or two impellers
in which the impellers are rotated at high speeds by the turbine and air is continuously induced into the
center of the impeller. The air is accelerated radially along the vanes causing a rise in air pressure [1] thus
resulting in a slight increase in temperatures. The compressor section is known as the cold section of the
engine because temperatures range from ambient air to no higher than 250 °C in the inlet section. The
midpoint of the compressor can see temperatures up to 430 °C and in the last stage before combustion
takes place see as high as 550 °C [2, 3]. Axially designed compressors compress air by a series of rotating and

1

stationary airfoils (up to 19 stages of airfoils) moving the air parallel to the longitudinal axis. The
centrifugal-axial flow design compressors use both kinds of technologies to achieve the desired
compression.

Low-alloy, titanium alloy and stainless steels were the materials of choice to fulfill

requirements for satisfactory performance, but with compression ratios reaching 30:1 and higher
temperatures has forced these materials out of service. Iron-based superalloys such as A-286 and nickelbased superalloys such as IN-718 and Incoloy 901 are used especially in the high-pressure portion of the
compressor section where temperatures and pressures are at their maximum before combustion [4].
Combustors are located at the start of the turbine section in the engine and are the hottest part of
the engine. The task of the combustor is to burn large quantities of fuel with extensive volumes of air and
releasing the heat in such a manner that the air expands and accelerates to give a smooth stream of uniform
heated gas at all conditions [1]. Since temperature is a limiting factor for most turbine materials, only a
temperature range of 850-1700 °C can be used. The efficiency of the turbine will increase with increasing
inlet temperatures, but with inlet temperatures already ranging between 250 and 550 °C, it only allows for
an increase of 600-1150 °C in the combustion process. The air flow entering the combustion zone is too
high for combustion, so it has to be diffused by decelerating the airflow and raising its static pressure [1].
There are diversion holes in the combustor walls that will take away air from the main flow before
combustion takes place in order to allow the flow to decrease and the air also is used for cooling the walls.
Hastalloy X [4] is a common nickel-based superalloy that is used in this application and is selected for its
optimum corrosion resistance, thermal-fatigue and distortion resistance. Once the high air-to-fuel ratio of
60:1, by weight, is mixed in the compressor it is ignited and its thermal and pressure energy is converted to
kinetic energy which impinges on the first row of airfoils in the turbine section [5]. Hot gases released by
combustion are as high as 2000 °C, which is far too hot to allow it to directly hit the first stage of the
turbine, so the hot gases need to be cooled before being allowed to enter the turbine. About 60% of the
hot air that enters the combustors is not used for combustion, but rather to help decrease the temperature
2

of the hot gases that were combusted by being introduced into the flame tube after combustion occurs [4].
The air will cool the gases enough to impinge the first stage of airfoils in the turbine without the chance of
the material to melt.
The turbine portion of the engine tends to be the most demanding because it experiences the highest
combination of temperatures and pressures. The tasks of the turbine is to extract energy from the hot gases
released from the combustor that hit the airfoils and expanding them to lower temperatures and
pressures[1]. Temperatures can be as high as 1600 °C in the first stage and will decrease to temperatures of
550 °C as exhaust gases [3, 4].

Throughout the turbine section of the engine, nickel-based superalloys such

as IN-738, GTD-111, Waspalloy A and Incoloy 901 are used along with cobalt-based superalloys FSX-414,
MAR-M 509 and S-816. Table 1 shows the most common used high temperature alloys for each
component of the engine.
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Table 1: High temperature alloys used in engines. [Credits – General Electric Company]

This environment creates a hot corrosion and oxidation atmosphere with temperatures high enough
to melt the material if it is not properly cooled or protected. Materials in the combustor and turbine
sections must be coated to improve the resistance to erosion-corrosion damage and also to assist with
distributing the heat flux more evenly to prevent “hot-spots” which will melt the material. Shafts and
exhaust gas components can consist of AISI-4340, 310, 403 and 405 stainless steels because the
temperatures have dropped considerably.
Figure 1 shows a turbine design for our modern day F-15 and F-16 fighter planes. Figure 2 shows
the LM2500 industrial gas turbine design for the generation of electricity in power plants which has a power
generation of 23MW and the LM6000 has a power generation of 43MW[3] which can be seen in Figure 3.
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Figure 1: Schematic of a turbine application for modern fighter jets. [Credits - Credit to Pratt &
Whitney: A United Technologies Company]

Figure 2: Configuration of GE’s LM2500 that has an ISO rate of 23 MWs. The mechanical drive unit
will have a shaft connected to the end of the turbine section to power the generator which is
responsible for generating electricity. [Credits – General Electric Oil & Gas Company]
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Figure 3: GE’s LM6000 which has an ISO rate of 43MWs of electrical output. [Credits - General Electric
Oil & Gas Company]

Engineers are currently facing the toughest challenges to increase the efficiencies of current
technologies due to the energy crisis that the world is facing. The key tasks for the future of gas turbines
are to increase overall efficiencies to meet energy demands of a growing world population and reduce the
harmful emissions to protect the environment. Airfoils tend to be the limiting factor when it comes to the
performance of the turbine because of because of their complex design making them difficult to cool as well
as limitations of their thermal properties.

1.1.3

Common Failures
The turbine portion consists of disks (wheels) and blades (airfoils) and due to the severe conditions

that they are subjected to, they fail in service. The combination of high stress and temperature, the airfoil
material is required to have sufficient creep-rupture for dimensional stability and oxidation resistance for a
given time in service. During turbine overhauls, airfoils are inspected and measured to quantify if they have
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changed dimensions such as length or shape. An airfoil that has dimensionally changed will be replaced
because it has failed to creep even though it did not rupture. The most common failure for airfoils is
thermal fatigue. This failure is brought about by the start/stop and acceleration/deceleration (heating and
cooling) processes that peaking units undergo in its lifetime. This action creates non-uniformity in the
stresses acting on the components resulting in cracking either on the leading or trailing edges of the airfoils.
Hot corrosion, sulfidation, oxidation or erosion can also be an issue with premature failures for non-coated
airfoils due to chromium compositions lower than 12% in airfoils. This issue has been addressed by the
addition of protective coatings which will be discussed later in the next section.

1.1.4

Recent Developments
Advancements in a materials usage can be made as a result of new processes for producing materials

and material systems, new combinations of existing materials, new design, fabrication and manufacturing
techniques. Manufacturing single crystal turbine components is one way of being able to slightly increase
the melting temperature of materials to enable for higher temperature applications as seen in Figure 4. The
granular appearance of the polycrystalline blade gives the blade an equiaxed grain structure composed of
many grains and is also the least expensive method of manufacturing turbine blades. Directionally solidified
blades are slightly more expensive to manufacture than polycrystalline blades, but tend to have better
mechanical properties, especially in the axial (solidified) orientation. Single crystal blades are the most
expensive to manufacture and also have better mechanical properties, especially at elevated temperature
conditions, than compared to both polycrystalline and directionally solidified turbine manufacturing
techniques.
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Figure 4: Turbine blades with different crystalline structures, polycrystalline (left), directionallysolidified (middle) and single-crystal (right). [Credits - General Electric Oil & Gas Company]

Figure 5 shows the design of air vents or cooling holes into turbine buckets and nozzles also help
with being able to push materials to higher temperatures because adequate cooling can be achieved for these
components.

Figure 5: Air vents and cooling holes for a turbine blade. [Credits - National Aeronautics and Space
Administration (NASA)]
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Figure 6: The white appearance in the airfoil region of the blade is a ceramic thermal barrier coating
(TBC) with visible cooling holes. [Credits – CIL Houston, Corrosion and Materials Technology]

The addition of thermal barrier coatings (TBC’s) helps with the distribution of the heat flux which
suggests that the material to be acceptable for higher temperature applications. Specific alloys and their
fabrication with the addition of advanced coatings will be the future of turbines to increase efficiency by
being able to increase the operating temperatures. The combination of the cooling holes and the TBC’s, as
shown above in Figure 6, have kept the surface temperatures lower on the blade because of the cooling
system can keep the temperature around 1100 oC, and the thermal coating takes another 1-200 oC leading
to a metal temperature in the range of 930 oC[6]. The combinations of these manufacturing techniques will
enable materials to reach higher levels of performance therefore increasing the overall efficiency of the
turbine.

1.2

Thrust Chambers

1.2.1

History
Liquid propellant rocket engines (LPRE) come in two sizes, large and small. The common way to

distinguish the two LPRE systems is to separate them based on their thrust class, but these classes can
overlap giving a medium thrust class. Small LPRE’s have low-thrust characteristics up to, but no greater
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than 1,000lbf whereas the large LPRE’s have high-thrust values well above 2,000lbf [7]. The typical purpose
and application of small LPRE’s is to make trajectory corrections and yaw/pitch maneuvers for rendezvous
missions or orbit correction. Large LPRE’s purpose and application is to launch a vehicle along its flight
path and these are typically known as the first, second and third stages. Large LPRE’s normally have only 1
axially oriented thrust chamber, but sometimes can have 2-4 in the same orientation. Small LPRE’s can
have 4-24 thrust chambers and are oriented in different orientations in order to successfully carry out
maneuvers. The first ground tests for small LPRE’s took place between 1921 and 1925 and large LPRE’s
testing took place between 1937 and 1942. Large LPRE’s only fire once (no restart possible), maybe twice
for the upper stage (3rd or 4th stage) while the small LPRE’s can typically restart, or fire, up to 1000 times
[7]

.

1.2.2

Description and Materials
Rocket engines are complex combustion devices consist of the nozzle, combustion chamber and

injectors. Each of these components requires specific design parameters which will play a role in the type of
rocket engine will be manufactured. The injector injects the propellants into the combustion chamber
creating a stable combustion process when the right proportions and right conditions are met. It is located
at the top or upper portion of the combustion chamber enclosing the high temperatures and pressures that it
contains. Figure 7 shows a very basic diagram of a rocket nozzle. Figure 8 shows a schematic of different
types of rocket engines incorporating the injectors, combustion chamber and throat (defined as the section
going from the combustion chamber to the nozzle) for a given set of conditions.
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Figure 7: Simple diagram of a rocket nozzle showing inlet and outlet features. [Credits – Rocketdyne]

Figure 8: Size comparison of optimal cone, bell, and radial nozzles for a given set of conditions
[from Huzel and Huang, 1967]
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For combustion efficiencies to be near 100%, the injectors need to be able to distribute the
propellant mixture as a microscopic spray. The combustion chamber serves as an envelope to retain the
mixed propellants for a period of time to ensure complete mixing and combustion. The nozzle, or thrust
chamber, converts the thermo-chemical energy generated in the combustion chamber into kinetic energy.
The nozzle contains a convergent and divergent section responsible for the conversion of slow, high
temperature and pressure gas into the low temperature, pressure, and high velocity gas as it exits the
chamber resulting in thrust

[8]

. The main factors that influence design are the propellants, chamber

pressure, propellant-feed systems, thrust chamber configuration and thrust chamber material [9]. Propellant
systems can consist of either solid, liquid or a combination of both in a hybrid system for rocket engines as
well as whether or not the system will be a mono-, bi- or tri-propellant [10]. The propellant mixture in each
solid rocket booster (SRB) consists of an ammonium perchlorate (oxidizer, 69.6 percent by weight),
aluminum (fuel, 16 percent), iron oxide (a catalyst, 0.4 percent), a polymer (a binder that holds the
mixture together, 12.04 percent), and an epoxy curing agent (1.96 percent)[11]. Typical mono-propellant
systems use laughing gas (N2O2) or hydrazine (N2H4) while bi-propellant systems use combinations of nitric
acid or its anhydride with a derivate of hydrazine such as asymmetric di-methylhydrazine (UDMH) or
mono-methyl-hydrazine (MMH), mixtures of storable and cryogenic propellants, liquid oxygen and
kerosene or fully cryogenic, liquid oxygen (LO2) and liquid hydrogen (LH2)[10].
High heat flux thrust chambers are exposed to more severe operating conditions when compared to
gas turbines. Engine applications consist of booster engines, main engines and upper stage engines. Each of
these engines has a different thrust value and different burn times which is related to the amount of thrust
delivered. Booster engines have high lift-off thrust values ranging from 2000-8000 kN, but only have a
maximum burn of 150 seconds(s) and it can be observed in Figure 9.
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Figure 9: Schematic of a solid rocket booster (SRB) engine. The below cross-section shows the solid
propellant which is makes up majority of the booster design. [Credits - National Aeronautics and
Space Administration (NASA)]

The space shuttles’ rocket engines are considered to be the main stage engines and they have thrust
values similar to those of booster engines ranging from 1000-2000 kN, but have longer burn times ranging
from 400-600s. Upper stage engines such as the J-2 or its modified version known as J-2X have the lower
thrust values that vary between 30-150 kN and vary in operating times that range from 600-1100s[10].
Figures 10 and 11 show the future launch vehicles, Ares I and Ares V that will be powered by the J-2X
rocket engine which is located in the upper stage. The concept of the liquid oxygen (LO 2) and liquid
hydrogen (LH2) bi-propellant rocket engine is shown in Figure 12. The large bell-shaped component is
known as the thrust chamber or rocket nozzle and it is the focus of discussion.
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Figure 10: Ares I concept launch vehicle. The first stage is powered by a solid rocket booster and
the upper stage is powered by a bi-propellant liquid rocket engine designated as J-2X. [Credits National Aeronautics and Space Administration (NASA)].

Figure 11: Concept image of Ares V launch vehicle. The Ares V is powered by 5 solid rocket boosters
in the first stage and then powered by the J-2X bi-propellant liquid rocket engine. [Credits National Aeronautics and Space Administration (NASA)]
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Figure 12: A diagram with component labeling and the concept of the Saturn J-2 derived rocket
engine known as the J-2X. [Credits - National Aeronautics and Space Administration (NASA)]

Figure 13 shows the common engine cycles that are used for liquid propellant rocket engines.
Pressure-fed systems utilize pressurized tanks of an inert gas such as helium mixed with the propellant to
deliver the propellant in small, low pressure engines. Pump-fed systems on the other hand utilize
turbopumps to bring pressures to necessary levels for propellant delivery in larger engines. There are three
types of engine cycles for pump-fed systems that are defined by the path of turbine exhaust gases which are
also depicted in Figure 13.
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Figure 13: Schematic showing pressure-fed and pump-fed systems for small and large engines,
respectively. [Credits - German Aerospace Center (DLR)]

Combustion temperatures can be as low as 2200 °C and can sky-rocket to 3350 °C [12] in the throat
of the chamber and the thrust chamber walls can see temperatures as high as 1200 °C and pressures can
reach up to 26MPa. Extremely high temperatures make the issue for thrust chamber cooling to be a very
important design consideration. There are several types cooling techniques that can be used to sufficiently
cool thrust chambers including regenerative, dump, film, transpiration, ablative and radiation cooling [9].
The proper cooling technique is influenced by propellants, chamber pressure, propellant-fed systems,
thrust chamber configuration and thrust chamber material. The most widely used method for cooling
combustion chambers is regenerative cooling [8, 9, 10, 11]. Regenerative cooling is accomplished by flowing
high-velocity coolant over the back side of the chamber hot gas wall to convectively cool the hot gas liner.
As the coolant cools the thrust chamber liner will increase in temperature from the heat input from the
walls and then it is discharged into the injector and utilized as the propellant [8, 9].
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The thrust chamber wall material selection must take into consideration high thermal conductivity
(exceptional heat transfer rate), maximum wall temperatures and the thickness of the wall separating the
hot gas and the coolant.

High-conductivity materials with good high-temperature strength, creep

resistance, and low-cycle fatigue (LCF) lives are needed for a variety of regenerative cooled rocket engine
applications especially main combustion chamber liners [13]. A ternary copper alloy, NARloy-Z (Cu-3 wt. %
Ag-0.5 wt. % Zr) [14], developed by RocketDyne division of North American Rockwell Corporation, is
currently used in thrust chambers for its superior thermal properties. NARloy-Z was chosen for the
material to be used due to its good LCF life and great heat transfer properties compared to any other
materials known at the time. NARloy-Z is fabricated by vacuum melting oxygen free, high conductivity
(OFHC) copper and adding silver shot and zirconium shavings to the melt. The molten mixture is then
vacuum centrifugally cast into cylinders where they are hot spun forged to shape and then rough machined
before heat treatment

[15]

.

The heat treatment strengthens the component through dispersion and

precipitation hardening. High thermal conductivity allows for sufficient heat transfer to cool the chamber
increasing chamber life while heating the fuel for improved engine efficiency. The primary advantage of the
design is its light weight and the large experience base that has accrued, but as chamber pressures and hot
gas wall heat fluxes have continued to increase (>100 atm), still more effective methods have been needed [8,
10]

. This material is capable to withstand heat fluxes up to 163MW/m2 in the throat of the thrust chamber

[15]

with the aid of the cooling channels seen in Figure 14.
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Figure 14: Axial-radial cross-section of a thrust chamber. The copper alloy has rectangular channels
in which the coolant flows through to cool the chamber and heat the propellant. IN-718 is a nickelbased superalloy is deposited galvanically on the outer chamber surface. [Credits - German Aerospace
Center (DLR)]

Also shown in Figure 14 is a nickel-based (IN-718) superalloy that is galvanically deposited onto the outer
surface to reduce the exterior chamber wall temperatures by acting as an insulator because of its low
thermal conductivity property.

1.2.3

Failure Modes
One of the main failures of rocket engines is thermal fatigue, the extreme cooling from the

propellant and the extreme heating from successful ignition. High thermal stresses from initial startup
begin the process of failure for the thrust chambers. Due to the nature of the high thermal conductivity
copper lining, the initial flow of the LH2 shrinks the material already creating thermal stresses on the IN718 outer surface. Once a successful ignition takes place, the temperatures and pressures increase quickly
therefore expanding the copper, but the IN-718 outer surface is still in a cryogenic state do to the flow of
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liquid propellant thus creating additional thermal stresses to the material. Estimated thrust chamber service
life has been less than 20 cycles [10].
Concurrently, the above cyclic failure mode also has a hand in the next failure known as burnthrough. This failure occurs when a “hot-spot” is formed due to insufficient cooling and the side of the
rocket essentially melts creating a catastrophic failure. As the material plastically deforms due to the
contraction and expansion of thermal cycling, the material also changes an important material property,
thermal conductivity. Plastic deformation also results in the closing of the cooling channels increasing the
chances of the possibilities for insufficient cooling. With heat no longer easily dissipated in localized areas,
the material will begin to heat rapidly and with a copper lining melting temperature around 1100 °C, burnthrough occurs.

1.2.4

Recent Developments
The major development and research went into the area of rockets for the conquest of space

(1950’s through the 1970’s) with chamber design and materials use, but has slowed over the past 30 years
[16]

. Improvements in the combustion chamber cooling processes such as the possibilities of using new

ternary copper-chromium-niobium (CuCrNb) or ceramic matrix composites (CMC’s) [10]. Research is also
looking at the applicability of the addition for the use of thermal barrier coatings (TBC’s) such as the
industrial grade 8%yttria-stabilized zirconia (YSZ) which is currently used in gas-turbine applications.

1.3

Thermal Barrier Coatings (TBC’s)

1.3.1

History
Thermal barrier coatings have been applied to hot sections of turbines for the last 40 years. Glassy,

inorganic coatings known as frit coatings were applied in the 1940’s up through the 1950’s before thermal
sprayed coatings were used to the 1970’s for commercial combustors. The idea to use of yttria (Y 2O3) as a
19

zirconia (ZrO2) stabilizer was introduced in the 1977 along with the use of a bond-coat material known as
MCrAlY

[16]

.

Even though the engines of the 1960’s and 70’s had components that comprised of high

chromium content for high oxidation resistance, the need of increased service life and higher temperatures,
the alloy content has decreased in nickel-alloy systems for strength reasons therefore the application of
coatings became a requirement. Research over the past 25 years has led to the preference of coating
systems that are tri-layered. Figure 15 shows the trends of firing temperature and turbine bucket
capabilities since 1950. The firing temperature for turbines has increased 475 °C since 1950 thus leading to
an increase in engine performance. The importance of being able to increase the turbine firing temperature
56 °C can provide a corresponding increase of 8 to 13% in output (power density) and 2 to 4% in efficiency
[17]

.

Figure 15: Firing temperature and bucket material capability trends since 1950. [Credits – General
Electric Company]

Over the last twenty years, thermal barrier coating have been the most favorable option to meet
the goals set forth to increase reliability, efficiency and reduce cost. Modern thermal barrier coatings are
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not only used to reduce the heat transfer through the coating to the substrate, but also used to protect the
substrate from oxidation and hot corrosion [18] and have proven to be very successful in airfoil and turbine
combustion applications. The service conditions in the hot section are advanced to a point that the base
material selected would actually melt and become unstable if they were not coated.

1.3.2

Description and Materials
Thermal barrier coatings are considered to be a ceramic based material capable of having extremely

high melting temperatures and very low coefficients of thermal expansion enabling the coatings to
withstand high temperatures and maintain dimensional stability.

Diffusion, oxidation, phase

transformation, elastic- plastic- and creep deformation, thermal expansion and conduction, fatigue and
fracture[19] are a list of complexities that shadow the daunting task of designing and developing TBC’s. As
with any material, as temperatures increase the chances of hot corrosion and oxidation also increase
becoming deleterious to the base material resulting in poor performance, loss of efficiency or catastrophic
failure. Turbine service entry temperatures have been able to be increased by 150 °C, service lives have
been doubled and the efficiency has improved 1 to 4% or more [20].
Thermal barrier coatings also play a significant role in thrust chambers by focusing on increasing
reliability and performance with regards to much higher thermal gradients and wall temperatures with
different atmospheric conditions that are produced compared to gas turbines. Increasing thrust efficiency,
high tolerance to oxidizing and reducing combustion environments, smooth surface and erosion resistant
finish for optimum flow characteristics and maximizing weight savings are some of the characteristics that
are required of future thermal barrier coatings [20].
The factors to be considered when selecting the proper coating material are high melting point,
chemical inertness, low thermal conductivity, good adherence to the metal substrate, matching thermal
expansion coefficient with the metal substrate and no phase transformations from room temperature to
21

operating temperatures

[21]

. Compatibility of the material is to take into account the minimization of

thermal stresses by matching CTE of the coating and the substrates and also the provisions of a good
substrate-coating adhesion [22]. Yttria-stabilized zirconia (YSZ) has been the thermal barrier coating material
of choice because of its low thermal conductivity, high CTE, good erosion resistance, and high corrosion
resistance [20, 21]. The high CTE will reduce the thermal expansion mismatch created between the coating
and the substrate while the erosion resistance helps protect the substrate from the high velocity particles in
engine gases.
The schematic in Figure 16 shows the thermal barrier coating system. Due to the inability for a
single coating composition to meet today’s demands, advanced TBC systems are comprised of three
separate layers.

Figure 16: Schematic of a thermal barrier coating (TBC) system that includes the substrate, BC, TGO
and top coat. [Credits – Padture, Science, 2002]
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The ceramic top coat is normally 100-400 µm thick and has the primary function of reducing the
heat transfer to the metallic substrate. For the case of YSZ, its thermal conductivity (κ) ranges from 2.2 to
2.5 W/mK and for 1000 °C the thermal conductivity is 2.3 W/mK [23]. The top coat is deposited on top of
an oxidation, hot corrosion resistant layer known as a metallic bond coat. The primary function of the bond
coat is to provide oxidation resistance for the substrate while providing the necessary adhesion of the
ceramic top coat to the substrate. Bond coats are applied to a slightly roughened surface to provide the
“anchor” necessary for the top coat and generally are 50-100 µm thick and commonly consist of MCrAlYtype or diffusion coatings such as platinum-modified aluminides. The thermal conductivity of MCrAlY
bond coats are roughly 10.2 W/mK and have a specific heat of 781 J/kgK

[23]

. During processing, a very

thin thermally grown oxide (TGO) is formed as a result of bond coat oxidation

[24]

. The feature of

importance to the durability of thermal barrier coatings is the early establishment of a continuous,
protective oxide layer at the bond coating-ceramic interface and plays an important role in the adherence of
the TBC [25]. The thermally grown oxide (TGO) is an alumina (Al2O3) layer that is roughly 1-10 µm thick.

1.3.3

Failure Modes
Thermal barrier coating are the only line of protection for high temperature components against

the harsh service environments thus being the key factor in the maximum utilization of a component’s life.
Thermal barrier coatings fail or degrade due to several factors. These factors include failure of the bond
coat where cracking occurs and leads to the penetration of the top coat into the component, TGO
formation in voids and porosity, open interfaces and TGO’s, crack penetration through both top coat and
bond coat, and the coating lack of response to creep and producing a thermal shield to inhibit rumpling by
reducing plastic deformation and bending elastic strain

[19]

. Rumpling is recognized as the stress relaxation

process for sintered layers. Spallation is the dominate failure mechanism for thermal barrier coatings as
will be discussed further.
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Crystallographically, the failure mode of TBC’s, especially in 8%YSZ are the phase changes that
occur due to the nature of the ceramics allotropic behavior with changing temperature. Yttria-stabilized
zirconia exists in three different crystallographic phases, low temperature monoclinic, intermediate
temperature tetragonal and high temperature cubic

[19]

. The cubic to tetragonal phase transition occurs at

2340 °C and the tetragonal to monoclinic phase transition occurs at 1170 °C [26]. The 6-8% range for YSZ
make the best thermal barrier coatings

[27]

due to the improved toughness and prolong life by crack

branching and releasing internal residual stresses during the transformation to monoclinic from tetragonal
[19]

. Yet the potentially damaging phase transformation of tetragonal to monoclinic (during cooling) is an

increased volumetric response of 3-5% which is enough to cause failure therefore affecting the durability of
the coating

[26]

. Yttria concentrations between 10-12% lead to volumetric changes of 5-6% during phase

transformation and concentrations below 6% lead to a fully metastable tetragonal phase that has various
volumetric variations during the phase transformation to monoclinic. Figure 17 shows the zirconia-rich half
of the zirconia-yttria phase diagram.
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Figure 17: Phase diagram for the zirconia-rich side in the zirconia-yttria system. The red line
indicates 8%YSZ [Credits – Scott, Science (1975)].

A TBC’s strength also depends on the bond strength to the bond coat material. The bond coat
plays an important role as the interface between the substrate and the TBC. The bond coat MCrAlY, for
example, has the three important elements of chromium, aluminum and yttrium. Chromium increases
aluminum activity and enhances diffusivity rates effectively lowering the aluminum content necessary to
maintain the oxide film. The role of aluminum serves as a reservoir to continuously replenish the alumina
oxide for corrosion resistance. Even though the alumina-corundum structure lowers diffusivity of oxygen
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the scale growth is governed by the inward penetration of oxygen by diffusion along the grain boundaries.
Due to the limited solubility of yttrium in the bond coat, it forms “pegs” by diffusing through the grain
boundaries and penetrates into the top coat

[26]

. With the alumina penetrating inward and the yttrium

forming pegs they form a sort of mechanical pin therefore anchoring the two together improving adhesion.
The failure mechanism of the coating occurs due to the CTE mismatch. Very dense coatings tend to fail by
spallation due to the stresses created upon cooling [28].
Oxidation plays a dominant role in the spallation failure of thermal barrier coatings. Oxidation
decreases the durability of the bond coat and since the top coat shares that interface, spallation will occur.
Oxidation in the splat boundaries through the formation of additional oxides or causes it to increase due to
aluminum depletion

[29].

Metallic particles in the bond coat tend to oxidize significantly at high

temperatures therefore creating residual stresses from the expansion of the oxide in addition to the cyclic
thermal stresses result in cracking which consequently leads to spallation. The thickness of the TGO layer
in the range of 10-15 μm is considered to be the borderline thickness for safe TBC operation [24] confirmed
by Meier et.al. Scale spallation can occur by either compressive shear cracks due to the strong metal/oxide
interfaces or out-of-plane stresses created by buckling due to the local stresses exceeding the interfacial
strength [30]. Both cases form interfacial cracks at the weakest links and when they coalesce it results in the
separation of the scale from the substrate, TBC spallation.
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Chapter 2: Research
2.1

Statement of the Problem
The scope of this task is to study LOX/Hydrocarbon (especially LOX/Methane) compatible

thermal barrier coatings to improve the temperature tolerance of critical thrust chamber sections in high
heat flux conditions. The goal is to develop novel ceramic materials, metallic bond coats, coating
architectures, and fabrication techniques for an extremely thin thermal protection layer over standard thrust
chamber materials (such as CuAgZr and CuCrZr alloys). In the past, several researchers investigated
refractory metal (W, Mo, and Ta) based TBCs; however, they achieved limited success due to corrosion
and embrittlement. Additionally, metallic protective coatings are less tolerant of the large temperature
gradients expected in thrust chambers [Schulz et al., 2005]. A recent investigation also found significant
materials damage under combustion gas heating conditions for PSZ/Ni based thermal protective layers
[Moriya et al., 1999].

2.2

Significance of the Study
Increased efficiencies will need to come from increased combustion temperatures and with the

problems stated earlier about burn-through with current nozzles, other materials options are being
considered. Of the various challenges in finding the “right” material for these applications, the use of TBC’s
can be explored. The use of current turbine TBC material, 8%YSZ ceramic coatings, could lend for better
insulation of the inner lining in these nozzles to hopefully prevent such failures. Thermal spray techniques
will be utilized as the deposition procedures to coat the substrates. Zirconia based coatings, namely YSZ,
will be deposited onto Ni-based superalloy known as Haynes 230, 403 stainless steel and copper alloys.
The coatings’ microstructure, thermal, mechanical and thermo-chemical properties will be evaluated under
simulated engine operating conditions.
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2.3

Research Objectives
Specific goals of the project are as follows:

1. Prepare TBC’s consisting of standard grade 8%YSZ onto copper, Haynes 230 and 403 stainless
steel substrates using thermal spray techniques.

2. Microstructural characterization of TBC’s using XRD, SEM and EDS analysis will be performed to
observe changes in the TBC structure before and after thermal cycling, hot gas exposure and
oxyacetylene tests have been performed.

3. Accelerated mission testing of one or two sets of substrates to test for durability and reliability of
the coatings.
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Chapter 3: Experimental Procedures
3.1

Introduction
The procurement of copper, Haynes 230 and 403 stainless steel samples is necessary for testing

because each plays a role in rocket technology. The copper will be utilized to simulate thrust chamber
material while Haynes 230 and 403 stainless steel plays a role in the turbine application of the rocket.
Each substrate will be prepped for thermal sprayed applications. Optical, SEM, EDS and XRD are
characterization methods used to evaluate the substrates in the as-deposited and post-thermal testing. In
order for such methods of characterization to take place, standard metallographic procedures will be
performed via ASTM E 1920 standards for Metallographic Preparation of Thermally Sprayed Coatings.
This step is an important, yet difficult task to fulfill because it will be carried out manually instead of the aid
of automated polishing equipment. The purpose for metallographic inspection of coatings is to ensure the
integrity of the coating and proper adherence to the substrates, thus accurate and consistent evaluation is
essential. Material smearing into voids and linear detachment are examples of how TBC’s can easily be
misinterpreted or inaccurately measured due to improper metallographic procedures.

Therefore,

metallographic information is necessary to validate TBC efficiencies.
Samples will be tested using a high temperature thermal cycling furnace, hot gas combustion
chamber and an oxyacetylene test with cooling chamber platform made predominantly for copper
substrates. Each sample tested will be evaluated using the noted material characterization methods and
compared to the as-deposited results to document changes in the materials behavior.
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3.2

Materials and Methods
The four steps for metallographic preparation include sectioning, mounting, grinding and polishing.

The 403 stainless and copper substrate dimensions closely resemble the dimensions of a quarter (U.S.
currency) which is roughly 1-in in diameter and same thickness. Haynes 230 was a 0.5” X 1” bar that was
sectioned using a lubricant cooled abrasive cut off wheel. The blades used to section the Haynes 230 were
thin 12” diameter abrasive silicon carbide (SiC) cut off disks. The Haynes 230 samples were cut to roughly
the thickness of the copper and stainless steel substrates. All samples were cleaned in an ultrasonicated soft
soap solution bath to rid the samples of any cutting fluids or other packaging oils from shipping which was
then followed by an isopropyl alcohol ultrasonicated bath. This step is necessary after the sectioning
process to increase the adherence of the mounting medium with the substrate. A two part quick-cure
acrylic cold mount material is used to mount the substrates for both surface and cross-sectional
metallographic evaluation. This castable mounting compound allows the mounting material to impregnate
voids aiding in a more accurate evaluation of the TBC. Once the samples have been sectioned, cleaned and
mounted they are ready for the next step, grinding and polishing.
The metallographic steps are broke down into four categories, planar grinding, fine grinding, rough
polish and final polish. Planar grinding removes large amounts of material to form a single plane that has
removed deformed material from the previous sectioning procedure and is achieved by using the 80 to 180grit SiC abrasive pads. Each successful step must remove the deformed material from the previous step.
Fine grinding takes place after planar grinding and is defined by using the 240 to 600-grit SiC abrasive pads.
This step removes “disturbed” layers created from previous steps in the grinding process while introducing
finer “disturbed” layers acceptable enough to be removed by the next step. Rough polishing is accomplished
by using 9 to 3 μm diamond compounds on nylon pads removing deformations formed from previous
stages. Once complete, final polishing is accomplished by using 1 to 0.04 μm diamond, alumina or silica
compounds on low napped felt or suede pads giving the as-polished condition.
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3.2.1

Surface Preparation for Depositions
Samples that were thermal sprayed required a roughened surface before deposition took place.

This was performed using a Universal Grit Blast Machine by blasting the surface with 80 grit particles at
40psi. The roughness will help increase adhesion at the substrate/bond coat interface. Once the surfaces
have been roughened the samples are taken to a booth for the application of the bond coat material by air
plasma spray (APS). The bond coat material applied on the substrates is a CoNiCrAlY alloy. The gun
system used to apply the coating is a Metco 3MB. Argon is the primary gas, hydrogen is the secondary gas
and argon is the carrier gas. The primary gas is operated in the pressure range of 98-105 psi with a 75-85
psi flow. The secondary gas is operated in the pressure range of 45-55 psi with a 15-25 psi flow. The
carrier gas has a flow in the range of 35-40 psi. The power supply for this equipment operates in the range
of 480-520 amps and 60-70 volts. The powder feeder is a 3MP Dual with an S carrier wheel. Depositions
of 0.001-0.004 inches are typical per pass if the spray rate is 7.0-7.5 lbs/hr and the spray distance is 4-5
inches above the substrates. The TBC’s are deposited onto the bond coat once the samples cool. Virtually
the same parameters are used for top coat application with the simple variation of the spray rate increasing
to 11.7-12.3 lbs/hr and the amps to be held at 600. This is critical to ensure consistent delivery of the
ceramic powder which has an application temperature in the range of 2600-2700 °C. Table 2 below shows
the parameters used for the metallic bond coat and ceramic top coat application onto the substrates and the
results of the depositions can be viewed in Figure 18.
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Table 2: Parameters for thermal spray applications of both metallic bond coat and ceramic top coat
material.

PROCESS CONTROL

BOND COAT

TOP COAT

Material

CoNiCrAlY

YSZ

Gun System

Metco 3MB

Metco 3MB

Nozzle

GH

GH

Air cap/jet

Uni-jet 3M 275

Uni-jet 3M 275

Primary Gas

Argon

Argon

Pressure

98-105 psi

98-105 psi

Flow

75-85

75-85

Secondary Gas

Hydrogen

Hydrogen

Pressure

45-55 psi

45-55 psi

Flow

15-25

15-25

Carrier Gas

Argon

Argon

Pressure

-

-

Flow

35-40 psi

35-40 psi

Amps

480-520

600 (critical)

Volts

60-70

60-70

Spray Rate

7.0-7.5 lb/hr

11.7-12.3 lb/hr

Spray Distance

4-5 inches

2.5-5 inches
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Uncoated

Only BC

BC and TC

Copper

Haynes 230

403 SS

Figure 18: Representation of the three stages in the thermally sprayed coating procedure. Bare
substrates (left), metallic bond coat application (middle) and ceramic top coat (right). The
substrates are copper (top row), Haynes 230 (middle) and 403 stainless steel (bottom row).

3.2.2

Cross-section Preparation for Analysis
Cross-sections are taken perpendicular to the coating surface in order to reveal information about

variations in the structure form substrate to top coat surface. Such variations include the distribution of unmelted particles, delamination, porosity, and coating thickness. Sectioning was avoided for cross-sectional
analysis. Sectioning samples that have coatings could induce damage that cannot be removed through the
metallographic preparation steps. One of the biggest issues is the ability to clamp the material into a vice
for sectioning. This can create cracking since the material is a brittle ceramic which could result in a
misinterpretation of bad coatings processes. If the sample is not adequately cooled then the heat can create
the metal substrate to expand resulting in a delamination of the top coat, once again leading the assumption
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that the coating process was faulty. Another issue is the direction of the cut and/or speed of the cut. To
insure proper sectioning by making sure the blade is cutting into the coating putting it in compression
instead of tension to avoid coating separation and/or delamination.

Higher speeds can also cause

delamination issues, thus slower speeds would need to be utilized.
The samples were mounted in an orientation perpendicular to the coating surface in order to
intersect the TBC/substrate interface. The samples were mounted using quick-cure acrylic along with
material of similar hardness to maintain edge retention of the coatings for accurate evaluation. Without
edge retention, the coating will look rounded in optical and SEM analysis making thickness measurements
inaccurate.
Using a grinding/polishing metallography table the samples were prepped metallographic analysis
using silicon carbide (SiC) abrasive disks and water. The procedure starts with planar grinding using 120
grit SiC disk that has a 125 µm grading, followed by 180-grit. Fine grinding begins using 240-grit and is
followed by 320, 400 and finishes with 600-grit SiC disks resulting in a 15 µm grading prior to rough
polishing. The micron grading is based off of the Allied High Tech abrasive grade comparison chart for U.S
industrial grit SiC disks. Once this stage has been reached, the rough polishing varies depending on the type
of substrate being polished. Tech Cloth, a special woven nylon pad used for materials of varying hardness,
was used for rough polishing with 6 μm diamond compound that enables excellent edge retention and
flatness of the sample. For final polishing, a polycrystalline 1 µm diamond compound with a glycol-based
lubricant on Vel-cloth pads are used in the final step to maintain relatively good flatness and edge retention.
The same diamond compounds were used on copper, but Gold Label nylon and Final-P cloth polishing pads
were used in both rough and final polishing stages due to the soft nature of copper. A final polishing step
was performed on copper that was not performed on the other substrates using 0.05 micron alumina
solution on Imperial cloth pads to rid the surface of the fine scratches from the previous step. The samples
were all cleaned in an ultrasonicated isopropyl alcohol bath between every step to ensure grit and residue
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removal that can build up between the substrate/acrylic mount interface resulting in less scratches. Once
the samples are polished, they are ready for optical and SEM analysis.

3.3

Materials Characterization

3.3.1

X-Ray Diffraction (XRD)
The purpose of x-ray diffraction analysis is to determine changes in crystallographic structure.

Since two different methods for deposition are being used, it is expected that two different crystallographic
structures will be present. The use of x-ray analysis will also help determine thermal stresses post
deposition application and aid in analysis of thermal stresses post thermal cycling and elevated temperature
exposure testing. Figure 19 shows the equipment used for XRD analysis.

Figure 19: The Bruker D8 Discover X-ray diffraction equipment used for XRD analysis.
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3.3.2

Keyence Imaging
Keyence imaging takes macro imaging to the next step with the ability to image the surface in a

three-dimensional aspect. Images of the surface will be performed on the substrates to image the surface
before testing is performed to get an idea of surface roughness and determine if there are any other
anomalies present for documentation. Figure 20 shows the Keyence digital microscope system equipment
used for this analysis.

Figure 20: Keyence multi-scan digital microscope system used for surface analysis and roughness
profiles
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3.3.3

Optical Microscopy (Metallographic Analysis)
Optical microscopy is used predominately for cross-sectional analysis after metallographic

preparation has been performed. This will aid in the consistency of the adherence of the coatings to one
another, interfacial oxidation, thickness measurements, and abundance of unmelted particles from
thermally sprayed coatings. The Zeiss optical microscope with AxioCam imaging software can be viewed in
Figure 21.

Figure 21: Zeiss optical microscope with AxioCam software used for cross-sectional analysis of
metallographically prepared samples.
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3.3.4

Scanning Electron Microscopy (SEM)
The SEM imaging will help also with cross-sectional analysis as stated above with optical

microscopy, but will also play a role in the surface characterization of the coatings. The SEM can help
determine the changes that take place on the surface whether it is an increase in surface cracks, surface
oxidation or spallation. The Hitachi S-4800 scanning electron microscope can be viewed in Figure 22.

Figure 22: Hitachi S-4800 scanning electron microscope (SEM) with EDAX used for EDS analysis.
Equipment used for surface characterization to observe cracking, spallation and oxidation and is
also used to perform chemical mapping of cross-sections.
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3.3.5

Energy Dispersive Spectroscopy (EDS)
Energy dispersive spectroscopy is an imaging software the helps which elemental analysis.

Elemental analysis can help understand the interfacial interactions that take place with the tri-coating system
due to the ability to “map” the arrangement of the elements. This will help in the analysis of oxidation on
both surface and bondcoat/top coat interface to determine if there is an increase in oxidation which can
then lead to cracking and/or spallation. EDAX Pegasus HX4 is the EDS system that is available on the SEM
and uses the Genesis software for analysis.

3.3.6

Thermal Cycling Furnace
Thermal cycling will take place in the CM Rapid Temp Furnace shown on the left image in Figure

23. This particular furnace is known as a bottom-loading furnace because the samples are loaded into the
furnace through the bottom compartment. Once the samples are loaded, the furnace is then programmed
to run the desired variables such as ramp up time, target temperature, dwell time, and number of cycles set
by the user. Once the samples have reached the target temperature, dwell time starts and after time has
elapsed the samples are then lowered into the loading chamber. At this point, the samples are cooled by a
high speed fan for the length of time programmed into the furnace. The right image in Figure 23 shows the
Haynes 230, 10-1 minute cycle test at 1400 °C being lowered into the bottom chamber to cool. This gives
the opportunity to test materials in a hot, then cold environment to determine coating behavior on the
various substrates. The exposure to thermal cycling will test the durability of the TBC life. Table 3 below
shows the thermal cycling tests performed for 22 substrates. The durability will be tested by having the
substrates subjected to various high temperatures and short cycle durations.
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Figure 23: CM Rapid Temp Furnace used for thermal cycle testing (left). The samples are loaded in
the bottom chamber that has the high speed fan attached to the side for cooling. The upper
chamber stamped with the CM logo is where the samples are raised into the furnace for the actual
thermal process. Haynes 230 after dwelling at 1400 °C for 1 minute has been lowered for cooling
(right).

Table 3: Thermal cycling test procedures.

SUBSTRATE

NUMBER OF CYCLES

TIME PER CYCLE (MIN)

TEMPERATURE (°C)

(2) Haynes 230

100

10

1200

(2) Haynes 230

50

10

1200

(2) Haynes 230

25

5

1300

(2) Haynes 230

10

1

1400

(2) Copper

50

10

600

(2) Copper

25

5

700

(2) Copper

10

1

800
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(2) 403 SS

100

10

1000

(2) 403 SS

50

10

1000

(2) 403 SS

25

5

1100

(2) 403 SS

10

1

1200

3.3.7

Hot Gas Combustion Chamber
Hot gas tests were performed in a combustion chamber and the fuel consisted of a methane/air

mixture. This test puts the substrates into more of a simulated environment because they are not subjected
to a stagnate environment like a furnace and there is the flow of the combusted gas over the substrates. The
substrates tested using this method were Haynes 230 and 403 stainless steel because these materials are used
more in the turbine and exhaust systems of the rocket. Hot gas exposures were run at maximum
temperatures of the system which is roughly 1000 °C for methane and air, 22 L/min and 200 L/min flow
rates respectively. To reach and maintain 1000 °C was hard to accomplish due to the fluctuations of the air
flow which on its own fluctuated +/- 10 L/min as the tests were in progress. Table 4 shows the hot gas
tests with temperature range and total test time. Figure 24 below shows the hot gas test in progress. The
substrates can be seen in the image to the right with the TBC facing the methane flame. The hot gas
experiments were run in 1-hour intervals until a total time of 6 hours was reached. The XRD was then
used to analyze the Haynes 230 and 403 stainless steel substrate after each run, but only residual stress was
performed on 0, 1-hr and 5-hr samples.
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Table 4: Hot gas exposure tests on both 403 stainless steel and Haynes 230 substrates. The range in
temperature is created by the fluctuation of the air flow. All tests were performed using the same
methane/air mixture.

SUBSTRATE

TIME (hrs)

TEMPERATURE (°C)

403 SS and Haynes 230

1

880-935

2

885-935

3

880-935

4

885-930

5

895-945

6

880-940

403 SS and Haynes 230
403 SS and Haynes 230
403 SS and Haynes 230
403 SS and Haynes 230
403 SS and Haynes 230

Figure 24: The setup of substrate orientation to the blue methane flame (left) and the close up of the
glowing red hot substrates (right). The top surface containing the TBC is facing the flame.

Calculating the equivalence ratio will determine if the combustion for the fuel mixture in the
experiments was either fuel-rich or fuel lean. If there was perfect combustion in which ϕ = 1, then neither
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fuel or oxidizer would be left behind. If the values are ϕ > 1 then excess fuel would be left behind lending
it to be fuel-rich and if the values are ϕ < 1 then excess air would be left behind lending it to be fuel-lean.

( )
( )

The actual values are determined by using the mass flow rates of the oxidizer (a), which is air at 200
L/min (4.02 kg/s), and the fuel (f) which is methane at 22 L/min (0.245 kg/s) resulting in a fuel mixture
containing 11.5% methane. The stoichiometry values are determined by calculating the chemical reaction
for the combustion of methane and air. Using the chemical reaction below, the stoichiometry results in the
following:
(

( )

)

(

)

The equivalence ratio is:
(

3.3.8

)

Propane Tests
Propane tests were performed on copper substrates on a chilled copper platform that was chilled

using an ice bath. The purpose of this test is to simulate the regenerative cooling method by using a
propane flame instead of LOX and the coolant was an ice bath that substituted for LH 2. The decision to go
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with this method was based on scale since the substrates are small in comparison. Figure 25 shows the set
up used for propane testing. Ice water was cooled and maintained using a chiller to 0 °C which flowed
through an inlet of a copper block. The coolant then snaked through the cooling channels of the copper
block where it exits back into the ice bath and continuous circulation is maintained.
Temperatures were recorded using a k-type thermocouple and a software program from Phidget
Inc. Preliminary tests were performed to test the rate of heat output from the propane flame resulting in
the maximum temperature of the thermocouple to reach a temperature of 1250 °C was within 2-5 seconds
after contact with the flame. The thermocouple was also placed on the chilled copper block in which a
temperature of 0 °C was recorded. The thermocouple was place on the surface of the substrate to record
surface temperatures during testing. The flame was directed at the substrate within 2-inches of the surface
and at a 45-degree angle. All testing was performed manually thus introducing temperature fluctuations
which were documented along with the maximum surface temperature. Since the objective is to simulate
high heat flux thrust chambers, the tests were done in relatively short durations with the hottest available
heat source. Table 5 below shows the test parameters used for this method of testing.
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Figure 25: The image to the left is the propane set up. It includes the propane with the nozzle,
chiller and the hoses that connect to the copper block that is sitting on a tower of bricks. The image
on the right is a close up of the copper block in which the substrate would sit on during testing.
The hoses connected to the block are both inlet and outlet that allows coolant to flow through the
block.

Table 5: Propane test parameters for copper substrates.

SUBSTRATE

TIME (MINUTES)

NUMBER OF TESTS

COPPER

1

10

COPPER

1

20

COPPER

1

30

COPPER

2

10
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Chapter 4: Results
4.1

As-deposited Thermal Sprayed Coatings

4.1.1

X-Ray Diffraction (XRD)
The XRD data shown in Figure 26 displays the as-deposited thermally sprayed coatings on all three

substrate materials. Notice the peaks are the same, despite the differences in the intensity. This indicates
that there was no change in the body-centered tetragonal (BCT) crystalline structure despite the
application of the coatings on different substrates.

Intensity (a.u.)

Haynes 230

403 SS

Copper
20

40

60

80

100

120

2 - Theta (degrees)
Figure 26: XRD results of as-deposited thermally sprayed coatings. The peaks are the same for
all substrates lending the crystalline structure of the TBC to remain body-centered tetragonal
(BCT).
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4.1.2

Residual Stress Analysis
Figure 27 below shows the residual stress for the substrates in the as-deposited condition. The

negative slope indicated a compressive stress and Table 6 shows the quantitative values for the
corresponding materials from Figure 27. The steeper the slope the greater the compressive stress
meaning that 403 stainless steel has the highest compressive residual stress while Haynes 230 shows the
lowest compressive residual stress.

Figure 27: Residual stress plots for the different substrate materials showing a compressive stress.
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Table 6: Residual stress values for as-deposited coatings
Substrate
Stress (GPa)
403 SS
-0.899
Copper
-0.584
Haynes 230
-0.426

4.1.3

Keyence Imaging and Roughness Profiles
Figures 28-30 show the as-deposited thermally sprayed coating surface and relative roughness of the

403 stainless steel, copper and Haynes 230 substrates, respectively. Surface porosity is identified as black
spots. The image on the right in Figure 28 is a roughness profile of 403 stainless steel substrate with an
average roughness of 49 μm. The purpose for the color profile is to show the high and low areas, red and
blue, respectively. The same features are also observed in the images for the coatings of the copper and
Haynes 230 substrates, Figures 29 and 30 respectively. The roughness for copper is 42 μm and 49 μm for
Haynes 230. The surface roughness is relatively the same for all substrates.

Figure 28: Keyence surface image (right) and roughness profile (left). The average roughness of 49
μm is designated by the opaque slice through the middle of the profile on the right.
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Figure 29: Surface and roughness profile for the thermally sprayed YSZ coating on copper substrate.
An average roughness of 42 μm is designated by the opaque slice in the left image.

Figure 30: Surface and roughness profiles for thermally sprayed YSZ coating on Haynes 230
substrate. The surface has noticeable surface porosity and an average roughness of 49 μm.

4.1.4

Metallographic Analysis
The substrate, metallic bond coat and ceramic top coat are easily discernible in the metallographic

cross-sections for Figures 31-33 below. The cross-sections contain the substrates with YSZ thermally
sprayed coatings in the as-deposited, as-polished condition. The metallic bond coat can be identified as
the intermediate layer that contains pancaked or splat-like layers and un-melted, spherical particles.
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The ceramic top coat is identified by the dark gray layer on the top of the metallic bond coat while the
substrate is of uniform color just below the metallic bond coat. Overall, the thicknesses ranged from
75-200 μm for all substrates showing a consistency that each of the substrates received the same
thicknesses without a particular substrate having a thicker coating than another.

TC
BC

403 SS

Figure 31: Multi-coated system on a 403 stainless steel substrate. The thickness of the overall
coating (bond-coat and top coat) ranged from 75-150 μm throughout the entire cross-section.
The image was taken at 200X magnification and is in the as-polished condition.
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TC
BC

Copper

Figure 32: Multi-coated system on a copper substrate. The thickness of the overall coating
(bond-coat and top coat) ranged from 75-150 μm throughout the entire cross-section. The
image was taken at 200X magnification and is in the as-polished condition.

TC
BC

Haynes 230

Figure 33: Multi-coated system on a Haynes 230 substrate. The thickness of the overall coating
(bond-coat and top coat) ranged from 75-200 μm throughout the entire cross-section. The
image was taken at 200X magnification and is in the as-polished condition.
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4.1.5

Scanning Electron Microscopy (SEM)
Figure 34 shows the surface morphology of the thermally sprayed TBC’s for 403 stainless steel in

the as-deposited condition. The images are taken at 100X and 1000X magnification of the surface and
observations of un-melted particles, surface porosity and cracking are found. Figure 35 is an image of
the surface cracks showing an intergranular fracture mode at 10,000X magnification. Figure 36 show
the surface morphology of the thermally sprayed TBC for copper substrates in the as-deposited
condition. The images were taken at 100X and 1000X magnification of the surface and reveal unmelted particles, porosity and surface cracks. Figure 37 is an image of the surface cracks showing an
intergranular fracture mode at 10,000X magnification. Figure 38 shows the surface morphology of the
thermally sprayed TBC’s for Haynes 230 substrates in the as-deposited condition. The images are taken
at 100X and 1000X magnification of the surface and observations of un-melted particles, surface
porosity and cracking are found. Figure 39 is an image of the surface cracks showing an intergranular
fracture mode at 10,000X magnification.

Figure 34: SEM images of the thermally sprayed YSZ coating on a 403 stainless steel substrate.
Notice the un-melted particles and porosity designated by the red and yellow arrows respectively.
Also notice the cracking on the surface of the TBC in the image on the right designated by the white
arrow.
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Figure 35: A granular structure can be observed with grain sizes ranging from 400 to 700 nm. Also
discernible are the intergranular surface cracks.

Figure 36: SEM images of the thermally sprayed YSZ coating on a copper substrate. Notice the unmelted particles and porosity designated by the red and yellow arrows respectively. Also notice the
cracking on the surface of the TBC in the image on the right designated by the white arrow.
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Figure 37: A granular structure can be observed with grain sizes ranging from 200 to 500 nm. Also
discernible are the intergranular surface cracks.

Figure 38: SEM images of the thermally sprayed YSZ coating on a Haynes 230 substrate. Notice the
un-melted particles and porosity designated by the red and yellow arrows respectively. Also notice
the cracking on the surface of the TBC in the image on the right designated by the white arrow.
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Figure 39: A granular structure can be observed with grain sizes ranging from 200 to 500 nm. Also
discernible are the intergranular surface cracks.

All thermally sprayed depositions looked relatively the same for all three different substrates. All
samples shared surface cracking, porosity and un-melted particles. Higher magnifications also verified that
all substrates experience intergranular fracture in the as-deposited condition.

4.1.6

Energy Dispersive Spectroscopy (EDS)
Figure 40 below shows a backscatter electron image of the cross-section that was prepared for EDS

mapping shown in Figure 41 of the 403 stainless steel in the as-deposited, as-polished condition. The
map does indicate that the substrate is a martensitic stainless steel due to the absence of nickel in the
substrate and the presence of iron and chromium. The bond coat material is comprised of nickel,
chromium and cobalt and the top coat is zirconium. The oxygen map present shows up in both bond
coat and top coat to reveal the oxides that are present. The presence of oxygen and aluminum in the
same region of a map correlates to an aluminum oxide and since the oxygen is present in the top coat it
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provides us with zirconia. The same is revealed in the EDS mapping of the other substrates shown in
Figures 42 through 45 for copper and Haynes 230.

Figure 40: Electron backscatter image of the 403 stainless steel cross-section used for EDS
mapping.

Zr

O

Al

Ni

Cr

Fe

Figure 41: EDS mapping of 403 stainless steel substrate cross-section.
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Figure 42: Backscatter image of copper substrate cross-section used for EDS mapping.

O

Zr

Ni

Cr

Figure 43: EDS mapping of copper substrate cross-section.
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Al

Cu

Figure 44: Backscatter image of Haynes 230 substrate cross-section used for EDS mapping.
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Al

Co

Cr

Ni

Figure 45: EDS mapping of Haynes 230 substrate cross-section.
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4.1

Thermal Cycling

4.2.1

X-Ray Diffraction (XRD)
The XRD data shown in Figures 46 through 48 display the thermally sprayed coatings after thermal

cycle testing on 403 stainless steel, copper and Haynes 230, respectively. The peaks are compared to the
as-deposited thermally sprayed coatings and the results show no change in crystalline structure indicating
the coatings are still body-centered tetragonal for all substrates post thermal testing.

Intensity (a.u.)

As-deposited

100 cycles
50 cycles
25 cycles
10 cycles
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40

60

80

100

120

2 - Theta (degrees)
Figure 46: XRD results of thermally sprayed coatings on 403 stainless steel post thermal cycling.
The peaks are the same for all substrates lending the crystalline structure of the TBC to be bodycentered tetragonal (BCT).
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Figure 47: XRD results of thermally sprayed coatings on copper post thermal cycling. The peaks
are the same for all substrates lending the crystalline structure of the TBC to be body-centered
tetragonal (BCT).
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Figure 48: XRD results for thermally sprayed Haynes 230 substrates post thermal cycling. Notice
the peaks are all the same despite the slight differences in relative intensities. Thus the structure
does not change resulting in a BCT crystalline structure.

4.2.2

Residual Stress Analysis
Figures 49-51 show the residual stress results plot while Table 7 shows the quantitative
values for the different substrates post thermal cycling. Figure 49 shows the residual stress plot for
the 403 stainless steel residual stress resulting in the highest residual compressive stress after 25
cycles and the lowest compressive stress after 10 and 50 cycles. Figure 50 shows the residual stress
plot for the copper substrates resulting in the highest compressive stress in the as-deposited
condition while the lowest compressive stress was observed after 10 cycles. Figure 51 shows the
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residual stress plot for Haynes 230 resulting in the highest compressive stress after 100 cycles while
the lowest compressive stress was in the as-deposited condition.

Figure 49: Residual stress plot of 403 stainless steel post thermal cycling showing compressive
stresses.
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Figure 50: Residual stress plot for copper after thermal cycling showing residual compressive
stresses.
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Figure 51: Residual stress plot for Haynes 230 post thermal cycling showing residual compressive
stresses.

Table 7: Residual stress values for all substrates post thermal cycling.
Substrate
Thermal test (cycles)

Stress (GPa)

403 SS

As-deposited

-0.899

403 SS

100

-0.710

403 SS

50

-0.457

403 SS

25

-0.994

403 SS

10

-0.457

Copper

As-deposited

-0.584

Copper

50

-0.457
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4.2.3

Copper

25

-0.520

Copper

10

-0.331

Haynes 230

As-deposited

-0.426

Haynes 230

100

-1.01

Haynes 230

50

-0.442

Haynes 230

25

-0.505

Haynes 230

10

-0.678

Macrophotography and Keyence Imaging
Photographs of each substrate were taken to compare with post-thermal cycling treatment. Figures

52-54 below show the various substrates and their cyclic treatments. Figure 52 shows 403 stainless steel in
the as-deposited condition on the left, followed by the longest duration thermal cycling test and ends with
the shortest duration-highest temperature test. The samples went from a predominately white coating in
the as-deposited form to a yellowish tint for each of the thermal cycling tests. Figures 53 and 54 show the
results of copper and Haynes 230, respectively. The same yellowish tint is observed for the other
substrates, but Haynes 230 was the only substrate to experience the edge effect and spallation as observed in
Figure 54. One of the most discernible features was spallation and edge effect on the Haynes 230
substrates, especially on the 100 and 25 cycled samples.
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50

25

10
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Figure 52: Macro image of 403 stainless steel substrates after the completion of thermal cycling
tests. Notice the yellowish tint of the thermally cycled samples.

25

50

10

AD

Figure 53: Macro images of copper substrates in the as-deposited and post thermal cyclic tests. The
color of the coatings seems to have a yellowish tint compared to the as-deposited coating on
copper.
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Figure 54: Macro images of Haynes 230 substrates in the as-deposited and post thermal cyclic tests.
Notice the samples show spallation, edge effect and also a difference in coating color.

Figures 55-58 show the surface and roughness profiles of 403 stainless steel substrates with the YSZ
thermally sprayed coating after 100, 50, 25 and 10 cycles, respectively. Figures 59-61 show the surface and
roughness profiles of copper substrates with the YSZ thermally sprayed coating after 50, 25 and 10 cycles,
respectively. The results of Haynes 230 after 100, 50, 25 and 10 cycle tests can be observed in Figures 6265. All images were configured with the same Keyence imaging parameters such as texture (18), color
(25), brightness (55) and contrast (35).

Figure 55: Surface and roughness profiles for thermally sprayed YSZ coating on 403 stainless steel
substrate after 100 (10-min) cycles at 1000 °C. The surface has noticeable surface porosity and an
average roughness of 45 μm.
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Figure 56: Surface and roughness profiles for thermally sprayed YSZ coating on 403 stainless steel
substrate after 50 (10-min) cycles at 1000 °C. The surface has noticeable surface porosity and an
average roughness of 67 μm.

Figure 57: Surface and roughness profiles for thermally sprayed YSZ coating on 403 stainless steel
substrate after 25 (5-min) cycles at 1100 °C. The surface has noticeable surface porosity and an
average roughness of 42 μm.
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Figure 58: Surface and roughness profiles for thermally sprayed YSZ coating on 403 stainless steel
substrate after 10 (1-min) cycles at 1200 °C. The surface has noticeable surface porosity and an
average roughness of 55 μm.

Figure 59: Surface and roughness profiles for thermally sprayed YSZ coating on copper substrate
after 50 (10-min) cycles at 600 °C. The surface has noticeable surface porosity and an average
roughness of 47 μm.
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Figure 60: Surface and roughness profiles for thermally sprayed YSZ coating on copper substrate
after 25 (5-min) cycles at 700 °C. The surface has noticeable surface porosity and an average
roughness of 59 μm.

Figure 61: Surface and roughness profiles for thermally sprayed YSZ coating on copper substrate
after 10 (1-min) cycles at 800 °C. The surface has noticeable surface porosity and an average
roughness of 56 μm.
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Figure 62: Surface and roughness profiles for thermally sprayed YSZ coating on Haynes 230
substrate after 100 (10-min) cycles at 1200 °C. The surface has noticeable surface cracking, porosity
and spallation with a roughness of 317 μm in some areas.

Figure 63: Surface and roughness profiles for thermally sprayed YSZ coating on Haynes 230
substrate after 50 (10-min) cycles at 1200 °C. The surface has noticeable surface porosity and an
average roughness of 64 μm.
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Figure 64: Surface and roughness profiles for thermally sprayed YSZ coating on Haynes 230
substrate after 25 (5-min) cycles at 1300 °C. The surface has noticeable surface porosity and an
average roughness of 45 μm.

Figure 65: Surface and roughness profiles for thermally sprayed YSZ coating on Haynes 230
substrate after 10 (1-min) cycles at 1400 °C. The surface has noticeable surface porosity and an
average roughness of 65 μm.

The roughness values did not differ greatly from the as-received samples with the exception of the
Haynes 230 sample that revealed spallation throughout the entire coating. All Keyence imaging and
roughness profiles were taken in the center of the samples to avoid the edge effect and provide an area in
which the substrate has the most protection from the service environments.
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4.2.4

Metallographic Analysis
Using standard metallographic procedures that were described earlier in Chapter 3, metallographic

preparation of cross-sections was performed to analyze the interfacial behavior of the coatings after
being subjected to thermal cyclic testing. Figures 66 through 69 show the metallographic cross-sections
of 403 stainless steel substrates in the as-polished, post-thermal cycle test conditions. Figure 66 shows
oxidation attack of the bond coat/substrate interface along with some delamination. Oxidation
penetration was observed in all cyclic tests for the 403 stainless steel substrates.

TC

BC

403 SS
Figure 66: 403 stainless steel after 100, 10-minute cycles at 1000 °C. Noticeable oxidation
penetration can be observed at the substrate interface indicated by the red arrow. The image
was taken at 500X magnification and is in the as-polished condition.
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Figure 67: 403 stainless steel after 50, 10-minute cycles at 1000 °C. Noticeable oxidation
penetration can be observed at the substrate interface indicated by the red arrow. The image
was taken at 500X magnification and is in the as-polished condition.
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Figure 68: 403 stainless steel after 25, 5-minute cycles at 1100 °C. Noticeable oxidation formation
can be observed at the substrate interface indicated by the red arrow. The image was taken at
500X magnification and is in the as-polished condition.
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Figure 69: 403 stainless steel after 10, 1-minute cycles at 1200 °C. Noticeable oxidation
penetration can be observed at the substrate interface indicated by the red arrow. The image
was taken at 500X magnification and is in the as-polished condition.

Figures 70 through 72 show the metallographic cross-sections of copper substrates in the aspolished, post-thermal cycle test conditions.

Figure 70 shows oxidation attack of the bond

coat/substrate interface along with some delamination after 50 cycles. Figure 71 shows severe
debonding of the bond coat with the substrate, but in a fashion different than spallation due to alumina
oxide formation after 25 cycles. Figure 72 shows an oxidation film and oxidation penetration of the
copper sample in as little as 10 cycles.
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Figure 70: Copper after 50, 10-minute cycles at 600 °C. Noticeable oxidation penetration can be
observed at the substrate interface as indicated by the red arrow. An oxidation film roughly 10
μm thick is observed at the substrate interface along with signs of de-bonding as indicated by
the black arrow. The image was taken at 500X magnification and is in the as-polished condition.
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Figure 71: Copper after 25, 5-minute cycles at 700 °C. Severe debonding can be observed at the
substrate interface as indicated by the red arrow. The image was taken at 500X magnification
and is in the as-polished condition.
76

TC

BC

Copper

Figure 72: Copper after 10, 1-minute cycles at 800 °C. Noticeable oxidation penetration can be
observed at the substrate interface as indicated by the red arrows. The image was taken at 500X
magnification and is in the as-polished condition.

Figures 73 through 76 show the metallographic cross-sections of Haynes 230 substrates in the aspolished, post-thermal cycle test conditions. Figures 73 and 74 both show signs of oxidation at the
bond coat/substrate interface after 100 and 50 cycles, respectively. Figure 75 shows oxidation at the
bond coat/substrate interface. There are observations of a thick oxidation layer at the top coat/bond
coat interface has resulted in spallation of the top coat. Figure 76 also shows signs of oxidation at the
interfaces resulting in the spallation of the top coat at the bond coat interface.
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Figure 73: Haynes 230 after 100, 10-minute cycles at 1200 °C. Noticeable oxidation penetration
can be observed at the substrate interface as indicated by the red arrow. The image was taken
at 500X magnification and is in the as-polished condition.
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Figure 74: Haynes 230 after 50, 10-minute cycles at 1200 °C. Noticeable oxidation penetration
can be observed at the substrate interface as indicated by the red arrow. The image was taken
at 500X magnification and is in the as-polished condition.

78

TC

BC

Haynes 230

Figure 75: Haynes 230 after 25, 5-minute cycles at 1300 °C. Noticeable oxidation penetration can
be observed at the substrate interface. Spallation is observed at the bond coat/top coat
interface as indicated by the red arrow. The image was taken at 500X magnification and is in the
as-polished condition.
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Haynes 230
Figure 76: Haynes 230 after 10, 1-minute cycles at 1400 °C. Noticeable oxidation penetration can
be observed at the substrate interface. Spallation can also be observed at the bond coat/top
coat interface as indicated by the red arrow. The image was taken at 500X magnification and is
in the as-polished condition.
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4.2.5

Scanning Electron Microscopy (SEM)
Figures 77 through 84 show the results for the thermally sprayed TBC’s for the 403 stainless steel

in the post thermal conditions. All images are taken at 100X, 1000X and 2500X magnification for
comparison of all thermal conditions for all substrates. Figure 77 and 78 show the surface morphology
after 100 10-minute cycles at 1000 °C. Figure 79 and 80 show the surface morphology after 50 10minute cycles at 1000 °C. Figure 81 and 82 show the surface morphology of the 403 stainless substrate
after 25 5-minute cycles at 1100 °C and Figure 83 and 84 show the surface morphology after 10 1minute cycles at 1200 °C.

Figure 77: SEM images of the thermally sprayed YSZ coating on a 403 stainless steel substrate after
100 cycles at 1000 °C.
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Figure 78: A granular morphology and intergranular surface cracks are discernible.

Figure 79: SEM images of the thermally sprayed YSZ coating on a 403 stainless steel substrate after 50
cycles at 1000 °C.
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Figure 80: Cracking and a granular structure are observed.

Figure 81: SEM images of the thermally sprayed YSZ coating on a 403 stainless steel substrate after 25
cycles at 1100 °C.
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Figure 82: A granular structure and intergranular surface cracks are observed.

Figure 83: SEM images of the thermally sprayed YSZ coating on a 403 stainless steel substrate after 10
cycles at 1200 °C.
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Figure 84: A granular structure can be observed with grain sizes ranging from 200 to 500 nm. Also
discernible are the intergranular surface cracks.

Figures 85 through 90 shows the results for the thermally sprayed TBC’s for the copper substrates
in the post thermal conditions. All images are taken at 100X, 1000X and 2500X magnification for
comparison of all thermal conditions for all substrates. Figure 85 and 86 show the surface morphology
after 50 10-minute cycles at 600 °C. Figure 87 and 88 show the surface morphology of the copper
substrate after 25 5-minute cycles at 700 °C and Figure 89 and 90 show the surface morphology after
10 1-minute cycles at 800 °C.
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Figure 85: SEM images of the thermally sprayed YSZ coating on a copper substrate after 50 cycles at
600 °C.

Figure 86: A granular structure can be observed with grain sizes ranging from 200 to 500 nm. Also
discernible are the intergranular surface cracks.
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Figure 87: SEM images of the thermally sprayed YSZ coating on a copper substrate after 25 cycles at
700 °C.

Figure 88: Cracking and unmelted particles are observed.
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Figure 89: SEM images of the thermally sprayed YSZ coating on a copper substrate after 10 cycles at
800 °C.

Figure 90: A granular structure can be observed with grain sizes ranging from 200 to 500 nm.

Figures 91 through 100 show the results for the thermally sprayed TBC’s for Haynes 230 in the
post thermal conditions.

All images are taken at 100X, 1000X and 2500X magnification for

comparison of all thermal conditions for all substrates. Figure 91 and 92 show the surface morphology
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after 100 10-minute cycles at 1200 °C. Figure 93 and 94 show the surface morphology after 50 10minute cycles at 1200 °C. Figures 95 and 96 show the surface morphology of the Haynes 230 substrate
after 25 5-minute cycles at 1300 °C and Figure 97 and 98 shows the edge of the Haynes 230 susbstrate
after the same thermal test. The spallation reveals the underlying bondcoat material. Figure 99 and
100 shows the surface morphology after 10 1-minute cycles at 1400 °C.

Figure 91: SEM images of the thermally sprayed YSZ coating on a Haynes 230 substrate after 100
cycles at 1200 °C.
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Figure 92: Observations of crack growth are seen in this image.

Figure 93: SEM images of the thermally sprayed YSZ coating on a Haynes 230 substrate after 50
cycles at 1200 °C.
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Figure 94: A granular structure can be observed with grain sizes ranging from 200 to 300 nm. Also
discernible are intergranular cracks.

Figure 95: SEM images of the thermally sprayed YSZ coating on a Haynes 230 substrate after 25
cycles at 1300 °C.
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Figure 96: A granular structure can be observed with grain sizes ranging from 100 to 300 nm. Also
discernible are the intergranular cracks.

Figure 97: SEM images of the thermally sprayed YSZ coating near the edge on a Haynes 230 substrate
after 25 cycles at 1300 °C.
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Figure 98: A granular structure can be observed in the underlying bond coat material due to
spallation.

Figure 99: SEM images of the thermally sprayed YSZ coating on a Haynes 230 substrate after 10
cycles at 1400 °C.
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Figure 100: A granular structure can be observed with grain sizes ranging from 100 to 300 nm.
Observations of crack growth and intergranular surface cracks can be seen in the above image.

4.2.6

Energy Dispersive Spectroscopy (EDS)
Scanning electron backscatter images of the thermal cycled samples along with EDS mapping can be

viewed in Figures 101 through 108 for the 403 stainless steel thermally cycled substrates. The
backscatter SEM image in Figure 101 was mapped using EDS mapping techniques to provide the layout
observed in Figure 102 for the 403 stainless steel sample after 100 cycles. Notice the continuity of the
aluminum oxide formation throughout the bond-coat material, especially at the bond-coat/top coat
interface. Each sample was analyzed in this fashion to provide a colorful visual in the changes of the two
major interfaces: Bond-coat/top coat and bond-coat/substrate. Figure 103 and 104 show the results of
the 403 stainless steel after 50 cycles which also reveals an aluminum oxide formation at both
interfaces. Figure 105 and 106 show the results of the 403 stainless steel substrates after 25 cycles
revealing oxidation at both interfaces. Figure 107 and 108 are the results of the 403 stainless steel
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substrates after 10 cycles in which oxidation can also be observed in the interfaces. Figures 109 through
114 provide SEM and EDS mapping of the copper substrates after thermal cycling and Figures 115
through 122 provide similar characterization for Haynes 230 substrates after thermal cycling.

Figure 101: Electron backscatter image of the 403 stainless steel cross-section after 100, 10-minute
cycles at 1000 °C used for EDS mapping.
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Figure 102: EDS mapping of 403 stainless steel substrate cross-section.

Figure 103: Electron backscatter image of the 403 stainless steel cross-section after 50, 10-minute
cycles at 1000 °C used for EDS mapping.
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Figure 104: EDS mapping of 403 stainless steel substrate cross-section.

Figure 105: Electron backscatter image of the 403 stainless steel cross-section after 25, 5-minute
cycles at 1100 °C used for EDS mapping.
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Figure 106: EDS mapping of 403 stainless steel substrate cross-section.

Figure 107: Electron backscatter image of the 403 stainless steel cross-section after 10, 1-minute
cycles at 1200 °C used for EDS mapping.
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Figure 108: EDS mapping of 403 stainless steel substrate cross-section.

Figure 109: Electron backscatter image of the copper cross-section after 50, 10-minute cycles at
600 °C used for EDS mapping.
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Figure 110: EDS mapping of copper substrate cross-section.

Figure 111: Electron backscatter image of the copper cross-section after 25, 5-minute cycles at
700 °C used for EDS mapping.
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Figure 112: EDS mapping of copper substrate cross-section.

Figure 113: Electron backscatter image of the copper cross-section after 10, 1-minute cycles at
800 °C used for EDS mapping.
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Figure 114: EDS mapping of copper substrate cross-section.

Figure 115: Electron backscatter image of the Haynes 230 cross-section after 100, 10-minute
cycles at 1200 °C used for EDS mapping.
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Figure 116: EDS mapping of Haynes 230 substrate cross-section.

Figure 117: Electron backscatter image of the Haynes 230 cross-section after 50, 10-minute cycles
at 1200 °C used for EDS mapping.
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Figure 118: EDS mapping of Haynes 230 substrate cross-section.

Figure 119: Electron backscatter image of the Haynes 230 cross-section after 25, 5-minute cycles
at 1300 °C used for EDS mapping.
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Figure 120: EDS mapping of Haynes 230 substrate cross-section.

Figure 121: Electron backscatter image of the Haynes 230 cross-section after 10, 1-minute cycles
at 1400 °C used for EDS mapping.
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Figure 122: EDS mapping of Haynes 230 substrate cross-section.

4.3

Hot Gas Exposure

4.3.1

X-Ray Diffraction (XRD)
The XRD data in Figures 123 and 124 displays thermally sprayed coatings after each hot gas

exposure test for 403 stainless steel and Haynes 230, respectively. Notice the peaks are the same,
despite the differences in the intensity, resulting in the thermally sprayed YSZ structure to remain
body-centered tetragonal (BCT) after exposure. Only Haynes 230 and 403 stainless steel substrates
were used in this particular test since they are materials used in turbine components for the rocket
engine.
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Figure 123: XRD data of 403 SS post hot gas exposure.
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Figure 124: XRD data for Haynes 230 post hot gas exposure.

4.3.2

Residual Stress Analysis
Figure 125 and 126 show the trend for the residual stress of the 403 stainless steel and Haynes 230

substrates, respectively while Table 8 shows the quantitative values for the compressive residual
stresses. The highest compressive stresses for the 403 stainless steel substrates were after the 5-hr test
and the lowest were after the 1-hr exposure. The highest compressive stresses for the Haynes 230
substrates were observed after 5-hr exposure and the lowest was in the as-deposited condition. The
residual stress quantitative values can be viewed in Table 8.
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Figure 125: Residual stress plot showing residual compressive stresses for the 403 stainless steel
substrates post hot gas exposure.
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Figure 126: Residual stress plot showing the Haynes 230 substrates post hot gas exposure having
residual compressive stresses.

Table 8: Residual stress values for all substrates post hot gas exposure testing.
Substrate
Thermal test
Stress (GPa)
403 SS

As-deposited

-0.899

403 SS

1 hr

-0.773

403 SS

5 hrs

-1.10

Haynes 230

As-deposited

-0.426

Haynes 230

1 hr

-0.505

Haynes 230

5 hrs

-0.788
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4.3.3

Macrophotography and Keyence Imaging
Photographs of each substrate were taken to compare with post hot gas exposure. Figure 127

below shows the 403 stainless steel and Haynes 230 with compared to the as-deposited sample with
their respective exposure times. Figure 128 and 129 shows 403 stainless steel and Haynes 230 after 1hour exposure time in a temperature range of 880-935 °C on the left with the roughness profile on the
right, respectively. Figure 130 and 131 shows 403 stainless steel and Haynes 230 after 6-hours total
exposure time in a temperature range of 880-945 °C on the left with the roughness profile on the right,
respectively. The samples went from a predominately white coating in the as-deposited form to a
yellowish tint after the first hour of exposure.
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1-hr

6-hrs
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Figure 127: Hot gas results for Haynes 230 (top of image) and 403 stainless steel (bottom of
image). The samples on the left are in the as-deposited condition and increase to 6 hour
exposure on the right.
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Figure 128: 403 SS image and roughness profile after 1-hr hot gas exposure. The average roughness
was 45 µm.

Figure 129: Haynes 230 image and roughness profile after 1-hr hot gas exposure. The average
roughness was 48 µm.
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Figure 130: 403 SS image and roughness profile after 6-hrs of hot gas exposure. The average
roughness was 39 µm.

Figure 131: 403 SS image and roughness profile after 1-hr hot gas exposure. The average roughness
was 50 µm.

4.3.4

Metallographic Analysis
Using standard metallographic procedures that were described earlier in Chapter 3, metallographic

preparation of cross-sections was performed to analyze the interfacial behavior of the coatings after hot
gas exposure. Figure 132 and 133 show the Haynes 230 substrates after 6 hours of total hot gas
exposure at 200X and 500X magnification, respectively.
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Figure 132: Metallographic cross-section of the Haynes 230 substrate after 6 total hours of hot gas
exposure at 200X magnification in the as-polished condition.

Figure 133: Metallographic cross-section of the Haynes 230 substrate after 6 total hours of hot gas
exposure. There is no oxidation at the interfaces. The image was taken at 500X magnification in the
as-polished condition.
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4.4

Propane Tests

4.4.1

X-Ray Diffraction (XRD)
The XRD data in Figure 134 displays thermally sprayed coatings after each propane tests were

conducted on copper substrates. Notice the peaks are the same, despite the differences in the intensity,
resulting in the thermally sprayed YSZ structure to remain body-centered tetragonal (BCT) after
exposure to propane testing.

Figure 134: XRD results post propane testing.
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4.4.2

Residual Stress Analysis
Figure 135 shows the trend for the residual stress of the copper substrates post propane testing and

Table 9 shows the quantitative values for the residual stresses. The highest compressive stresses for the
copper substrates were after the (10) 1-minute tests while the lowest observes compressive stresses
were after the (20) 1-minute tests.

Figure 135: Residual stress plot for copper post propane testing.
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Table 9: Residual stress values for copper substrates post propane testing.
Substrate
Thermal test
Stress (GPa)

4.4.3

Copper

As-deposited

-0.899

Copper

(10) 1-minute

-1.09

Copper

(20) 1-minute

-0.585

Copper

(30) 1-minute

-0.773

Copper

(10) 2-minute

-0.978

Macrophotography and Keyence Imaging
Photographs of each substrate were taken to compare with propane testing. Figure 136 below

shows the copper substrates compared to the as-deposited sample with their respective exposure times.
The issue was the accumulation of condensation around the samples during testing leading to the
discoloration of the copper sample tested (10) at 2-minutes per test. The other test samples have a
slight area on the surface that has a brown tint which was the result of the location on the k-type
thermocouple.

AD

(10) 1-min

(20) 1-min

(30) 1-min

(10) 2-min

Figure 136: Copper after propane testing. Notice the color of the coatings remained relatively
the same except for the sample on the far right. The edge effect for that last sample was caused
by the condensation that accumulated around the sample during testing.
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Figure 137 shows copper after (10) 1-minute tests in a temperature range of 1080-1200 °C, with a
maximum surface temperatures reaching 1220 °C on the left and the roughness profile on the right,
respectively. Figure 138 shows copper after (20) 1-minute tests in a temperature range of 1080-1180
°C, with a maximum surface temperatures reaching 1200 °C on the left and the roughness profile on
the right, respectively. Figure 139 shows copper after (30) 1-minute tests in a temperature range of
1080-1180 °C, with a maximum surface temperatures reaching 1225 °C on the left and the roughness
profile on the right, respectively. Figure 140 shows copper after (10) 2-minute tests in a temperature
range of 1080-1180 °C, with a maximum surface temperatures reaching 1190 °C on the left and the
roughness profile on the right, respectively.

Figure 137: Copper image and roughness profile after (10) 1-minute propane tests. The average
roughness was 49 µm.
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Figure 138: Copper image and roughness profile after (10) 1-minute propane tests. The average
roughness was 45 µm.

Figure 139: Copper image and roughness profile after (30) 1-minute propane tests. The average
roughness was 46 µm.
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Figure 140: Copper image and roughness profile after (10) 2-minute propane tests. The average
roughness was 41 µm.

4.4.4

Metallographic Analysis
Using standard metallographic procedures that were described earlier in Chapter 3, metallographic

preparation of cross-sections was performed to analyze the interfacial behavior of the coatings after
propane testing. Figures 141 through 144 show the copper substrates after their respective propane
exposure and test times.

Figure 141: Metallographic cross-section of the copper after (10) 1-minute propane tests. There is
slight oxidation at the bond-coat/substrate interface indicated by the red arrow, but no de-bonding
is found. The image was taken at 500X magnification in the as-polished condition.
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Figure 142: Metallographic cross-section of the copper after (20) 1-minute propane tests. There is
slight oxidation at the bond-coat/substrate interface indicated by the red arrow, but no de-bonding
is found. The image was taken at 200X magnification in the as-polished condition.

Figure 143: Metallographic cross-section of the copper after (30) 1-minute propane tests. No debonding or oxidation was found at the interfaces. The image was taken at 500X magnification in the
as-polished condition.
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Figure 144: Metallographic cross-section of the copper after (10) 2-minute propane tests. There are
no signs of de-bonding or oxidation found at the interfaces. The image was taken at 500X
magnification in the as-polished condition.

4.4.5

Energy Dispersive Spectroscopy (EDS)
Scanning electron backscatter images of the cross-sections for the propane tested samples along

with EDS mapping can be viewed in Figures 145 through 152 for the copper substrates. The
backscatter SEM image in Figure 145 was mapped using EDS mapping techniques to provide the layout
observed in Figure 146 for the copper sample tested (10) 1-minute cycles. The backscatter SEM image
in Figure 147 was mapped using EDS mapping techniques to provide the layout observed in Figure 148
for the copper sample tested (20) 1-minute cycles. The backscatter SEM image in Figure 149 was
mapped using EDS mapping techniques to provide the layout observed in Figure 150 for the copper
sample tested (30) 1-minute cycles. The backscatter SEM image in Figure 151 was mapped using EDS
mapping techniques to provide the layout observed in Figure 152 for the copper sample tested (10) 2minute cycles. None of the samples show oxidation formation after propane test exposure.
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Figure 145: Electron backscatter image of the copper cross-section after (10) 1-minute propane
tests used for EDS mapping.
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Figure 146: EDS mapping of copper substrate cross-section
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Figure 147: Electron backscatter image of the copper cross-section after (20) 1-minute propane
tests used for EDS mapping.
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Figure 148: EDS mapping of copper substrate cross-section.
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Figure 149: Electron backscatter image of the copper cross-section after (30) 1-minute propane
tests used for EDS mapping.
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Figure 150: EDS mapping of copper substrate cross-section.
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Figure 151: Electron backscatter image of the copper cross-section after (10) 2-minute propane
tests used for EDS mapping.
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Figure 152: EDS mapping of copper substrate cross-section
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4.5

Limitations
Throughout the course of research and experimentation, there were obvious limitations to
delivering the most precise results. Majority of the limitations come with fabrication of the thermal
barrier coatings and most importantly the actual simulations of turbine or rocket environments. The
following section shines light onto some of these limitations to provide insight on creating better
control or methods and implement them to produce more accurate results.

4.5.1

Sources of Error
One of the sources of error starts from the beginning with the application of the multi-coated

system. This process is performed manually and as seen in cross-sectional analysis, the coatings are not
uniformly deposited. This results in thinner coatings which could potentially create an issue of
susceptibility of oxidation. Another source of error would be the measurement of residual stresses
within the coatings. Since the application of the thermal barrier coating involves the bombardment of
glass beads onto the surface to roughen, the surface is already put into a compressive state and in most
cases the compressive stresses will also not be uniform along the surface before application therefore
affecting the stresses in the coating. The highest precautions were taken to make sure the residual stress
measurements were taken in the same area of the sample, which was designated at the center, but that
would not matter since all samples would experience different stresses. The limitation of the
combustion chamber maximum temperature to test the high temperature materials was also another
source of error. The chamber was only able to reach a maximum temperature of 1000 °C, but with air
supply fluctuations, it created temperature fluctuations during tests and temperatures fell short from
the maximum by 100 °C resulting inn tests around 900 °C. Accelerated testing to simulate rocket
nozzles seemed to have gone well for the exception that the mechanical stresses that are also a part of
failure were not able to be simulated. The circulation of ice water and the propane heat source seemed
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to be an adequate substitution for the LH2 coolant and LOx propellant to simulate a high heat flux
environment.
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Chapter 5: Conclusions
Results from testing have concluded that the coatings were thin and were not able to prevent
oxidation at the interfaces. Oxidation in the form of Al2O3, was observed in both 403 stainless steel and
Haynes 230 at the bond-coat/top coat and bond-coat/substrate interfaces. The thermally grown oxide of
Al2O3 acts as a protective layer, but when it becomes too thick then it results in spallation. Oxidation was
also observed for the copper substrates, but it was not in the form of Al2O3, instead it was in the forms of
cuprous oxide (Cu2O) and cupric oxide (CuO). The severe debonding of copper in the thermal cycled tests
was the combination of both coefficient of thermal expansion (CTE) mismatch and the formation of cupric
oxide. At first the oxide formation looked to be of Al2O3 since aluminum is found in the bond-coat, but it
was realized that the copper used was an industrial copper, not oxygen free. The metallographic
photographs show the oxide formation in the substrate away from the coatings, this proves that the copper
oxide does form when exposed to the environment whether it is protected or not. Looking back at Figures
70 through 72 for the thermally cycles copper samples, an oxide film is found at the bond-coat/substrate
interface and it is relatively thick for an oxide even though the test temperatures were low in comparison to
Haynes 230 and 403 stainless steel. Yet, during propane testing there were no signs of an oxide film or
debonding even though the surface temperatures was near 1200 °C. As for the Haynes 230 and 403
stainless steel samples, the coatings were too thin and did not prevent the diffusion of oxygen. Not only
was the thickness an issue, but the addition of surface porosity and surface cracking due to the thermal spray
process also aided the formation of oxidation by creating path by which diffusion can take place quickly.
If there were no signs of oxidation or debonding on the copper substrates used for propane testing
then there is reason to believe that coatings can work in rocket nozzles. There is the limitation of being able
to simulate a rocket-like environment because of the other stresses that take place, but this is a start to
understanding the potential that coating could have in coated rocket components. Using coatings on a more
128

pure (oxygen free) copper with the necessary additions of alloying elements to increase high temperature
strength would probably produce even better results than observed in this research.
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